Experimental models that mimic the flow conditions in microcap-
Introduction
Cell adhesion to the microvascular endothelium is one of the important initial steps in the extravasation of leukocytes in the inflammatory response and tumor cells in the metastasis process. The process of adhesion involves a complex balance of forces resulting from hydrodynamic shear forces and the adhesive bonds between the adhering cells and the endothelium. The roles of fluid shear stresses and cell deformation in cell adhesion and cell rolling have been studied extensively ͓1-6͔. In vivo studies ͓2,7͔ of leukocyte-endothelial adhesion as well as computational fluid dynamics ͑CFD͒ studies ͓8-11͔ have found that the drag force on leukocytes adhering on the endothelium is affected by the incoming wall shear stress as well as the degree of deformation. The endothelial contact area of the leukocytes under adhesion in these studies was found to increase under periods of increasing shear forces, suggesting an increase in viable interactions among adhesion molecules. The computational models have also suggested that the effective drag forces acting on adhering cells is reduced following deformation, thus offering another enhancement of the ability of cells to maintain adhesion under shear flow as a result of deformation. Interestingly, the modeling studies by Liu et al. ͓3, [12] [13] [14] have noted that deformation may increase as a result of changes in the Reynolds number with maximum deformation occurring at higher Reynolds numbers. Although the role of shear stress in flow has been analyzed extensively, little attention has been given to the role of shear rate and fluid viscosity in deformation. Increases in the Reynolds number within identical microvascular geometry reflects changes in the fluid velocity and shear rate as well as the viscosity ͓15͔. Thus, it is possible to alter the Reynolds number while maintaining constant incoming shear forces.
A side-view flow chamber was developed by Dong et al. ͓16͔ to visualize cell surface adhesion and deformation in a microchannel. It consisted of two chromium plated 45 deg prisms that allowed cells to be visualized and studied in a fashion that is not possible with conventional parallel plate chambers. Among other applications, the side-view flow chamber has been used to measure the effects of flow on cell-surface adhesion strength and the cell-substrate contact interface ͓6,10͔.
Particle image velocimetry ͑PIV͒ is a quantitative field measurement technique that involves using laser illuminated tracer particles to visualize and quantify flow structure. Generally, for two-dimensional flow data, sets of two closely spaced frames are compared using a cross correlation algorithm that grids the total image field into many smaller "interrogation windows" of known area within which correlation functions are calculated. The maximum of the correlation function within a given interrogation window theoretically corresponds to the given displacement within the associated spatial region of tracer particles during the time delay between frame acquisitions. It is normally advantageous to have a high density of tracer particles so that accurate displacement measurements within each interrogation window can be achieved. Higher spatial resolution velocity profiles can be achieved by minimizing the size, and thus maximizing the number, of interrogation windows. In recent years, PIV techniques have been extended to the microscale, proving highly useful for acquiring flow data ͓17-20͔ in microfluidic studies. For example, PIV was used recently to reconstruct the three-dimensional flow profile within several microchannels ͓21͔.
The purpose of this study was to develop a system capable of acquiring quantitative flow profiles over adherent cells. Experimental models that mimic the flow conditions in microcapillaries have suggested that the local shear stresses and shear rates can mediate tumor cell and leukocyte arrest on the endothelium and can alter the likelihood of adhesion ͓22͔. However, the mechanisms involved, especially in tumor cell adhesion, are poorly understood and investigation has been limited by the lack of experimental models that allow quantitative analysis of flow profiles over adherent cells. Here we report the construction of an in vitro model capable of acquiring such data by combining the techniques of side-view imaging and particle image velocimetry ͑PIV͒, thus providing a means for future study of the hydrodynamic forces underlying cellular adhesion. To complement the experimental results, a CFD model was created that corresponds with the experimental conditions, including the deformed cell shape, under low and high shear rates. Velocity profiles and cell surface shear rates are compared. The good correspondence between experimental and CFD results provides confidence in the presented predictions of quantities not obtainable in these experiments, including drag forces on the cells, local pressure, and viscous forces on the adherent cell and endothelial wall, and local velocity profiles and streamlines.
Materials and Methods
System Design. A PIV system has been constructed by combining an Olympus IX 71 microscope with a 20X, 0.4 NA objective, and a TSI microPIV system ͑TSI Inc., MN͒ ͑see Fig. 1͑a͒͒ . A 45 deg mirror has been coated with a double layer of Cr ͑50 nm͒ and Au ͑200 nm͒ using sputtering techniques and has been aligned to distribute side-view incident light from a mercury lamp or Nd-YAG 532 nm laser to an objective beneath the stage. An identical setup as used by Cao et al. ͓16͔ was used for side-view image capturing of cells, involving the use of a second mirror to redirect light from a condenser bulb above the stage. To ensure proper alignment, an aluminum chassis was designed to hold the channel and mirrors firmly in place.
This system was used to obtain side-view PIV data in the form of double frame pairs using a Nd-YAG 532 nm laser light source. One m-diameter orange fluorescent polystyrene microspheres of density 1.05 g / cm 3 ͑Molecular Probes, Inc., OR͒ were used as tracer particles at a concentration of 0.0175% by volume. For flow experiments involving cells, the microspheres were suspended at a concentration of 0.0524% by volume in RPMI-1640 media lacking phenol red ͑Gibco Laboratoies, Long Island, NY͒. To reduce the nonspecific binding of the spheres to each other and to the endothelial monolayer, this solution was supplemented with 5% bovine serum albumin ͑Sigma-Aldrich, Inc., St. Louis, MO͒ and incubated for 24 h at 37°C. Prior to experimentation, the solutions were cooled to room temperature and further diluted in RPMI-1640 media to reach the desired microsphere concentration of 0.0175% by volume. The viscosity of this solution was measured with a RotoViscoI cone-plate viscometer ͑ThermoMC, Madison, WI͒ to be approximately 1.5 cP at room temperature ͑18.5°C͒.
For postprocessing, an average background processing algorithm and image stacking were used to decrease background noise and increase the apparent tracer particle density. Following image stacking, data was imported into INSIGHT 6.0 ͑TSI Inc., MN͒ for analysis. The image field was gridded into a set of interrogation windows ͑Fig. 1͑b͒͒ with a 50% overlap to satisfy Nyquist sampling and the data was processed using a direct correlator or FFT correlator. Since only cases of steady state flow were considered, in which the velocity profile did not change during the time when acquiring data, the signal to noise ratio was greatly improved by ensemble averaging the correlation function across all frame pairs according to the techniques outlined by Meinhart and co-workers ͓23͔. The pixel sizes were estimated to be 0.23 m / pixel and interrogation window sizes were optimized accordingly. The laser pulse spacings used ranged from 150 s to 600 s.
Flow Chamber Design. A 700 m ϫ 550 m in crosssectional area channel was constructed according to the methods of Cao et al. ͓16͔. Prior to use, the microslides were washed successively in acetone, 93% ethanol, and double distilled water. Preceding these washes, the 93% ethanol and double distilled water were both perfused through 0.20 m polycarbonate filters to eliminate impurities. Flow was controlled by means of a syringe pump.
The pertinent equations for a flow assay with the side-view flow chamber have been derived by Cao et al. ͓16͔ describing an x-directed velocity field in a rectangular capillary of y and z crosssectional area. The desired shear rate on the bottom of the flow chamber was attained by calculating the corresponding volumetric flow rate infused through the microcapillaries. Only cells in the central third of the channel width were used in order to minimize sidewall effects on the shear rate from the rectangular shaped capillaries.
Side-View Imaging Demonstration. Sixteen m-diameter green fluorescent polystyrene divinylbenzene ͑DVB͒ microspheres ͑Duke Scientific Corp., CA͒ were used to demonstrate the side-view imaging abilities of the system. The microspheres were adhered to the inserted microslide by dropping dilute aqueous solutions onto the microslides and allowing surface-surface interactions to promote adhesion. Shown in Fig. 2 are the top and side-views of two beads visualized using a mercury light source. The beads are easily distinguished by changing the focal plane in the z-direction ͑Fig. 2͒.
Cell Culture. Fibroblast L-cells that had been transfected to express human ICAM-1 ͑EI cells; provided by Dr. S. Simon, UC Davis͒ were maintained in culture as described by Gopalan and co-workers ͓24͔. Prior to flow experiments, these cells were grown to confluency on the inserted microslides of the channel, thus creating an ICAM-1 adhesive substrate. T-leukemic Jurkat cells ͑provided by Dr. M. Lawrence, University of Virginia, Charlottesville, VA͒ were maintained in a humidified 5% CO 2 tissue culture incubator at 37°C. They were cultured in a suspension of RPMI 1640 medium supplemented with 10% FBS, L-glutamine ͑0.292 mg/ ml͒, penicillin ͑100 U / ml͒, and streptomycin sulfate ͑100 g/ml͒ ͑Gibco Laboratoies, Long Island, NY͒. Prior to use in flow experiments, the Jurkat cells were incubated with phorbol myristate acetate ͑PMA͒ at a concentration of 200 ng/ ml for 20 min at 37°C to promote LFA-1-dependent cell adhesion.
Velocity Profiles over a Leukocyte. The channel was perfused with a leukocyte suspension. For a period of approximately 5 -10 min, flow was suspended and the cells were permitted to adhere to the EI monolayer grown on the microslide before flow was reapplied at 73 l / min and 365 l / min, corresponding to low and high shear rate cases of 50 s −1 and 250 s −1 , respectively. The channel Reynolds number is defined as Re= VD h / , where denotes the density of the fluid, V is the average velocity through the channel calculated by the flow rate divided by the cross-sectional area, D h is the hydraulic diameter calculated as four times the cross-sectional area divided by the perimeter, and is the fluid viscosity. The channel Reynolds number associated with the low shear case was 1.3 and the high shear case was 6.5. A larger than average cell ͑estimated at 22 m in width͒ was imaged to give a maximum disruption in the flow field. For the velocity profiles, the interrogation windows were 30ϫ 20 pixels in size ͑widthϫ height͒.
The upstream wall shear rates were verified by plotting the x-directed velocity values from three columns of vectors calculated using interrogation windows of 128 pixels in width and 12 pixels in height. These were sampled far enough upstream such that there was no disruption in the flow due to the cell, approximately 5 cell lengths upstream from the cell. Linear regressions were calculated from data points less than 55 m above the channel wall ͑10% of channel height͒ where zero velocity was assigned at the top of the endothelial layer as estimated from the image. The upstream wall shear rates in the 73 l/min ͑low shear͒ and 365 l/min ͑high shear͒ cases were calculated from the linear regression and found to be 51.0 ͑R 2 value 0.9924͒ and 257.7 ͑R 2 value 0.994͒, respectively. These wall shear rates correspond to wall shear stresses of 0.765 dyn/ cm 2 and 3.864 dyn/ cm 2 . To ensure deviations from a linear flow profile near the wall did not alter the calculated upstream wall shear rates, quadratic regression curves were also calculated using x-directed velocity values from points up to 170 m above the channel wall ͑30.9% of channel height͒. As in the linear case, zero velocity was assigned at the endothelial cell layer. The slopes at the wall were within 10% of the corresponding values calculated from the linear regressions. In order to calculate the maximum shear rates over the surface of the cell in each case, the velocity profile above the highest point on the cell were used. In the low shear case the cell's maximum height is right above the center of the cell, whereas in the high shear case the cell's maximum height has been displaced forward due to the deformation of the cell in the high shear flow. These chosen velocities were plotted for each case and quadratic regression curves were fitted to the measured flow profiles with the zero velocity occurring at the estimated location of the top of the cell. The slopes of the curves at the point of zero x-directed velocity were taken to be the maximum shear rates above the cell.
Computational Fluid Dynamics Simulations. The computational fluid dynamics code used in this study was developed and validated at Penn State University as described previously and solves the full fluid momentum and continuity equations ͓25͔. A three-dimensional model of the microchannel was created 700 m wide and 550 m tall. At the center of the channel, a model cell was generated on the bottom wall as shown in Fig. 3 . A no slip boundary condition was applied to all four walls of the chamber and the outside of the cell shape. The defined cell shape corresponded to the deformed height, width, and length of the deformed Jurkat cell in the low and high shear cases. Spatially, the observed cell shapes were achieved by applying the analytic deformation, y t = ͑y / a͑x͒͒ b͑x͒ , to the y-coordinates or heights of a sphere with a one micron radius and scaling to the appropriate size, where y t is the transformed y-coordinate and y is the original coordinate. Various functions of the x-coordinates were used for a and b to recreate the cell shapes under low and high shear rates. Since it has been observed previously ͓10͔ that deformed cells maintain their width dimension, no transformation was applied to the z-coordinates. A front view of the channel and cell grids and a close-up of the side views of the cells are shown in Fig. 3 . Overset grids were used in order to minimize the total number of elements while maintaining a high resolution immediately surrounding the cell. A fully developed laminar velocity profile in a rectangular duct with the same flow rate as the low and high shear rate experiments, 73 and 365 l / min, was specified at the inlet ͓26͔. The computational grid extended approximately 4 cell diameters upstream and 2 cell diameters downstream, lengths sufficient for these very low channel Reynolds number flows and given the analytical specification of the inlet velocity.
To validate the CFD computations, the simulated drag force on an isolated sphere in a shear flow was shown to be consistent with Stokes' law ͑C D =24/Re͒ within 1%. Also, Cao et al. ͓10͔ 8 dyn/ cm 2 shear stress case was modeled using the same method as described above. The calculated drag force, which includes both the pressure and viscous force components, was 3.0 ϫ 10 −5 dyn, which is within the range of previously reported experimental approximations and theoretical predictions of drag force on an adherent leukocyte of 2 ϫ 10 −7 to 76ϫ 10 −5 dyn ͓10,7,27͔.
To further validate the simulation technique, shear rates were calculated upstream and over the cell using the same regression methods as described for the PIV data. The upstream shear rate was calculated using horizontal velocities up to 55 m above the bottom wall approximately 3 cell diameters upstream of the cell, far enough that there was no disturbance due to the cell. To calculate the shear rate over the cell, one vertical column of horizontal velocity was taken over the highest point on the cell that reached to approximately the same height above the cells as the PIV data. These were then plotted and a quadratic regression curve was fitted with the zero velocity at the location of the top of the cell. The slope of the curve at that point was taken to be the shear rate.
Results
Velocity Profile Over a Leukocyte. Figure 4 shows a large Jurkat cell of approximately 22 m in diameter that adhered under static conditions to an EI monolayer within the channel. Flow was applied at 73 l / min and 365 l / min to correspond to low and high shear cases of 50 s −1 and 250 s −1 , respectively. These shear rates were experimentally verified as discussed in the section Materials and Methods. The cell deformed significantly under both low and high shear when compared to static conditions. The The velocities directly above the top of the cell under low and high shear conditions, taken from the data in Fig. 5 , is plotted in Figs. 6͑a͒ and 6͑d͒ . The calculated shear rates above the cell were 124.21 s −1 and 502.4 s −1 in the low and high shear cases, respectively. Table 1 compares these values to the upstream wall shear rates and reports the ratios of the shear rate above the cell to the upstream wall shear rate. Under the more severe deformation of the high shear case, the ratio of the shear rate at the cell surface to that at the upstream wall is 13.6% lower than the corresponding ratio of the low shear case.
Computational Fluid Dynamics Simulations. Table 1 also compares the shear rate values calculated from the PIV data to those calculated from the CFD simulation results. The differences in shear rates calculated using the CFD results from those calculated using the PIV results were 5.8 and 9.7% for the low and high shear cases upstream and 0.7 and 0.9% for the low and high shear cases above the cells. The velocities used to determine the shear rates above the cells from the CFD results are shown in Figs. 6͑b͒ and 6͑e͒ as vectors and plotted with those from the PIV data in Figs. 6͑c͒ and 6͑f͒ .
The drag force calculated on the deformed cell under the low shear rate tested, 51/s, was 1.07ϫ 10 −5 dyn. The ratio of the viscous component of the drag force to the pressure component was 2, with a pressure force of 3.58ϫ 10 −6 dyn, and a viscous component of 7.17ϫ 10 −6 dyn. Under the high shear rate, 257.7/s, the drag force on the deformed cell was 5.46ϫ 10 −5 dyn. The pressure component of this force was 1.67ϫ 10 −5 dyn and the viscous component was 3.8ϫ 10 −5 dyn, for a ratio of 2.3. Since the CFD results have a higher resolution than the PIV results, the shear rate upstream and above the cell can be examined very close to the walls. Above the cell, the PIV results yield an average shear rate over a vertical distance above the cell approximately twice the cell's height. From the CFD results, the horizontal velocity profile up to 6 m above the top of the cell was used in a quadratic regression to calculate the shear rate on the cell surface. This shear rate for the high shear case was 731.8/s ͑R 2 value 0.9999͒, which is 1.46 times the shear rate calculated using the previous regression. For the low shear case, the same method yields a shear rate of 208.8 ͑R 2 value 0.9976͒, which is 1.69 times that calculated using velocities further away from the top of the cell. There is no significant difference between the upstream shear rates calculated using the velocity profile up to 6 m or 55 m above the wall.
Discussion
Technique of Side-View PIV. Building on the developments of previous work in the study of microflows and cellular adhesion, a side-view flow chamber has been integrated with particle image velocimetry ͑PIV͒ to produce a novel quantitative method of studying cellular adhesion experimentally. The small scale of the imaged objects in these experiments necessitates the use of aggressive processing to increase the signal to noise ratio and the apparent particle density. This processing facilitates accurate quantitation of steady-state flow profiles in the side-view system. In the future, the system could be improved to allow collection of the dynamic flow profiles as well.
The accuracy of side-view PIV in describing the hydrodynamic activity within the microchannel was assessed by using the system to measure velocity near the bottom wall of the channel and comparing them to theoretical predictions. The experimental PIVacquired data match the theoretical predictions very closely, with errors of 2.0 and 3.0% for the low and high shear cases, respectively. The usefulness of the side-view PIV system to characterize disturbances in the flow at the cellular length scale has been demonstrated by calculating the flow profile over a Jurkat cell under low and high shear rates.
Implications of Shear Rate Data. The shear rate over the surface of the Jurkat cell in Fig. 4 for an upstream shear rate of 257.7 s −1 ͑3.864 dyn/ cm 2 ͒. The ratio of the shear rate over the cell to the upstream wall shear rate was 2.44 for the low shear case and 1.95 for the high shear case ͑Table 1͒. Thus the normalized shear rate over the surface of the cell decreased by 20.1% when the cell deformed. Since the viscous drag force is directly related to the shear rate, this lends experimental support for the computational studies that have suggested that the effective drag forces acting on adhering cells are reduced following deformation.
Computational Fluid Dynamics. The simulations presented here serve to validate the flow solver used by comparing the calculated flow profile and shear rates to experimental results of the modeled system. Both the upstream and above the cell shear rates were within 10% of the measured shear rates when similar data collection methods were used. This discrepancy may be due to experimental uncertainty of the location of the boundaries, the lack of a cell monolayer in the computational model, and the difference in resolution between the two methods. PIV data is in essence an average of the fluid velocity over a small threedimensional space. CFD data does not deliver this kind of averaging. The CFD model conserves mass to within a tenth of an order of magnitude. Accordingly, the underprediction of the velocity profile above the cell is likely due to one or both of ͑1͒ three-dimensional effects associated with the modeled shape of the cell, and ͑2͒ attendant overprediction of velocity closer to the center of the channel ͑i.e., above the PIV interrogation space͒.
The enhanced resolution of the CFD results allowed the velocity profiles directly above the top of the cell to be examined more closely. This showed the shear rate very close to the cell was approximately twice what was calculated using the averaging technique, which is an indication of the nonlinearity of the velocity profile above the cell. The quadratic profiles yielded R 2 values very close to 1 in the region immediately above the cell, showing a high accuracy of the quadratic regression method.
In future study, the experimental and computational setup will be used to model and validate the calculation of deformable cell shapes under different flow conditions. This coupling of experimental and computational models will yield an accurate prediction of the effect of flow conditions on both cell deformability and adhesion parameters.
Future Study. In future research the experimental system and the computational model described here will be used to investigate the interactions between human neutrophils ͑PMNs͒ and melanoma cells in PMN-mediated melanoma extravasation. Analysis of the flow profiles over adherent PMN-melanoma aggregations exposed to differing shear rates and shear stresses may help specify the relative importance of shear rates and shear stresses in mediating the adhesion of leukocyte-tumor cell aggregations ͓22͔. The relative importance of each parameter will likely depend upon the degree of deformation and the Reynolds number.
